Despite recent advances in preventing sudden cardiac death (SCD) due to cardiac arrhythmia, its incidence in the population at large has remained unacceptably high. Better understanding of the interaction among various functional, structural, and genetic factors underlying the susceptibility to, and initiation of, fatal arrhythmias is a major goal and will provide new tools for the prediction, prevention, and therapy of SCD. Here, we review the role of aberrant intracellular Ca 2+ handling, ionic imbalances associated with acute myocardial ischemia, neurohumoral changes, and genetic predisposition in the pathogenesis of SCD due to cardiac arrhythmia. Therapeutic measures to prevent SCD are also discussed.
Sudden cardiac death (SCD) from any cause claims 300,000-400,000 lives a year in the United States. The most common sequence of events leading to SCD appears to be the degeneration of ventricular tachycardia (VT; abnormal acceleration of ventricular rate) into ventricular fibrillation (VF), during which disorganized contractions of the ventricles fail to eject blood effectively, often followed by asystole or pulseless electrical activity. Preexisting coronary artery disease and its consequences (acute myocardial ischemia, scarring from previous myocardial infarction, heart failure) are manifest in 80% of SCD victims. Dilated nonischemic and hypertrophic cardiomyopathies account for the second largest number of SCDs, whereas other cardiac disorders, including congenital heart defects and the known genetically determined ion channel anomalies, account for 5-10% of SCDs (1) .
While the implantable cardioverter defibrillator (ICD) improves survival in high-risk patients (2) , standard antiarrhythmic drug therapy has failed to reduce, and in some instances has increased, the incidence of SCD (3) . In fact, the greatest reduction in cardiovascular mortality (including SCD) in patients with clinically manifest heart disease has resulted from the use of beta blockers (4) and non-antiarrhythmic drugs, i.e., those without major direct electrophysiological action in cardiac muscle or the specialized conduction system, such as angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor-blocking agents, lipid-lowering agents, spironolactone, thrombolytic and antithrombotic agents, and perhaps magnesium and omega-3 fatty acids (for review, see ref. 5 ). These drugs most likely exert their antiarrhythmic potential indirectly by inhibiting or delaying adverse functional and structural remodeling in the diseased heart, i.e., by affecting "upstream events" that contribute to the development of electrophysiological instability.
Clinical trials, in general, have failed to define SCD risk markers for specific individuals in the larger general population, where the relative risk of SCD is low but the absolute number of deaths is high. Risk markers include abnormalities in cardiovascular function (left-ventricular ejection fraction), electrocardiographic variables (e.g., late potentials, T-wave alternans, QRS duration, dispersion of repolarization), results of electrophysiological testing (programmed electrical stimulation), and measures of cardiac autonomic function (heart rate at rest and during exercise, heart rate variability, and baroreflex sensitivity), as well as ambient ventricular arrhythmias (premature ventricular depolarizations, nonsustained and sustained VT).
Acquired functional and structural changes occurring in the diseased heart as well as genetic factors (e.g., mutations of ion channel-encoding genes, polymorphism of coagulation factors or β-adrenergic receptors) may contribute to an increased risk of dying suddenly, but these factors alone cannot explain the apparent randomness of the occurrence of fatal arrhythmias. The nature of the immediate precipitating event that triggers the fatal ventricular tachyarrhythmia at a specific time in an otherwise stable patient remains as the major unanswered question. Better understanding of the interaction among various functional, structural, and genetic factors that are thought to underlie the susceptibility to, and initiation of, fatal arrhythmias is the major goal of future research and should provide new tools for their prediction, prevention, and therapy. This review will highlight the role of some of these factors, with a focus on altered intracellular Ca 2+ dynamics, acute myocardial ischemia, neurohumoral changes, and, briefly, genetic predisposition. Additional mechanisms as well as therapeutic and diagnostic approaches are discussed in other recently published review articles (6) (7) (8) (9) .
The normal electrocardiogram and its relation to the transmembrane action potential and activities of cardiac ion channels
Both the anatomy and physiology of the specialized conduction system and working cardiac muscle determine how the heart is activated. One cycle of a normal ECG is shown in Figure 1A . The P wave is produced by the electrical activation of the atria, and the PR interval represents the duration of conduction from the sinus node, through the atria to the ventricles; the QRS complex is generated by electrical activation of the ventricles; and the ST-T wave reflects recovery. During a normal cardiac cycle, electrical excitation starts in the sinus node, then moves to the atria, crossing the atrioventricular node and His bundle, and finally reaches the ventricles. The QRS complex reflects the sum of the spatial patterns of ventricular activation. Ventricular excitation rapidly spreads along the specialized intracardiac conduction system (His-Purkinje system) in the endocardium, resulting in depolarization of most of the endocardial surfaces of both ventricles within several milliseconds. The activation front then moves from endocardium to epicardium, starting at the Purkinje-muscle cell junctions and proceeding by cell-to-cell conduction through the muscle toward the epicardium. Ventricular recovery, like activation, occurs in a stereotypical geometrical pattern. Differences in recovery timing occur both across the ventricular wall and between regions of the left and right ventricles and give rise to the characteristic morphology of the ST-T wave in the electrocardiogram.
Transmembrane ionic currents are ultimately responsible for the electrical activity recorded in the ECG. Shown in Figure 1B are the major ion fluxes during a normal ventricular action potential. Initial Na + influx through open Na + channels causes rapid membrane depolarization, which in turn activates Ca 2+ channels. The ensuing inflow of Ca 2+ causes Ca 2+ release channels in the sarcoplasmic reticulum (SR) membrane to open, increasing the cytosolic calcium level and causing contraction. Finally, an increase in K + efflux through activated K + channels restores the resting membrane potential (V m ; repolarization), and removal of Ca 2+ from the cytosol deactivates contractile proteins, thereby relaxing the cardiac muscle.
The emerging role of altered intracellular Ca 2+ dynamics in cardiac arrhythmogenesis Alterations in intracellular calcium homeostasis play an important role in the development of ventricular tachyarrhythmias in the failing heart (10), as well as in some inherited syndromes leading to SCD. Congenital Ca 2+ handling anomalies in the heart include defective function of the ryanodine receptor 2 (RyR2) in catecholaminergic polymorphic VT (CPVT) (11); a loss-of-function mutation in ankyrin-B causing type 4 long-QT cardiac arrhythmias (12) ; and a missense mutation of calsequestrin 2 (CASQ2) causing stress-induced polymorphic VT (13) . Disruption of the gene encoding the 12.6-kDa FK506-binding protein (FKBP12.6), which reversibly associates with and modulates the activity of RyR2, causes similar alterations in intracellular Ca 2+ signaling in cardiomyocytes of male and female mice but results in hypertrophy in male mice only (14) . It is currently not known whether similar gen-
Figure 1
Temporal relationship between ECG and single cardiomyocyte action potential. (A) The waves and intervals of a normal ECG. (B) Schematic representation of a ventricular action potential and its major underlying ionic currents. The downward arrow indicates influx; the upward arrow, efflux.
Figure 2
Schematic illustration of intracellular Ca 2+ cycling and associated second messenger pathways in cardiomyocytes (figure modified from ref. 84) . AC, adenylyl cyclase; a, G protein subunit a; a-receptor, a-adrenergic receptor; β, G protein subunit β; β-receptor, β-adrenergic receptor; g, G protein subunit g; LTCC, L-type Ca 2+ channel; CAMKII, Ca 2+ -calmodulin kinase II; I-1, inhibitor 1; NCX, Na + /Ca 2+ exchanger; P, phosphate group; PLC, phospholipase C; PLN, phospholamban; PP1, protein phosphatase 1; PP2A, protein phosphatase 2A; SERCA2a, SR Ca 2+ -ATPase isoform 2a; T-tubule, transverse tubule.
der differences exist for the susceptibility to arrhythmias in hearts exhibiting inherited disorders of Ca 2+ handling proteins.
Cardiac arrhythmogenesis associated with RyR2 dysfunction in CPVT and heart failure. RyR2 is the major Ca 2+ release channel required for excitation-contraction coupling in cardiomyocytes. Depolarization of the cardiomyocyte cell membrane causes Ca 2+ influx through activated voltage-dependent L-type Ca 2+ channels, which in turn initiates Ca 2+ release via RyR2s from the SR (Figure 2 ), known as Ca 2+ -induced Ca 2+ release (15) . RyR2-mediated Ca 2+ release activates contractile proteins, which results in cardiac contraction during systole. During diastole, cytosolic Ca 2+ re-sequesters into the SR via the phospholamban-regulated SR Ca 2+ -ATPase isoform 2a (SERCA2a); binding of FKBP12.6 (also known as calstabin2) to the RyR2 complex maintains the channel in a closed state to prevent leakage of SR Ca 2+ into the cytoplasm. Phosphorylation of RyR2s by PKA during adrenergic stimulation (e.g., exercise) dissociates FKBP12.6 from the RyR2 channel complex, which results in increased RyR2 open probability, defined as the fraction of time the channel is in the open, i.e., conducting, state. RyR2 mutations in patients with CPVT reduce the affinity of the SR Ca 2+ release channel for FKBP12.6, which causes Ca 2+ to leak out of the SR during diastole (11) . The electrocardiographic phenotype of clinical CPVT is mimicked in transgenic mice deficient in FKBP12.6 (16) . Increasing the binding affinity of FKBP12.6 for the RyR2 complex prevents exercise- and catecholamine-induced polymorphic VT and SCD in FKBP12.6-deficient mice (16) . In heart failure, the RyR2 channel-FKBP12.6 complex has been shown to be depleted of FKBP12.6 due to chronic PKAmediated hyperphosphorylation, which results in an abnormal increase in RyR2 open probability during diastole (10) .
Whereas these observations provide compelling evidence that abnormalities in intracellular Ca 2+ homeostasis play a primary role in causing SCD due to cardiac arrhythmias, the mechanism by which spontaneous Ca 2+ release from the SR can trigger fatal arrhythmias has remained elusive.
Congenital and/or acquired factors can cause a diastolic Ca 2+ leak through RyR2 ( Figure 3A) , giving rise to localized increases in cytosolic calcium ( Figure 3B , ii) in a single cardiomyocyte loaded with a Ca 2+ -sensitive fluorescent dye. The focally elevated Ca 2+ then diffuses to adjacent junctional SR to activate Ca 2+ release channels and induce release of Ca 2+ that can then propagate throughout the cell. This regenerative propagating process has previously been termed a Ca 2+ wave (17) . Diastolic Ca 2+ waves depolarize the cardiomyocyte membrane, triggering a delayed after-depolarization (26) and Nature (12) .
(DAD) via transient activation of a Ca 2+ -dependent inward current (18) (Figure 3C ). Candidates for the transient inward current are the electrogenic Na + /Ca 2+ exchange current (I Na/Ca ) operating in its forward mode (extruding Ca 2+ and taking up Na + in a 1:3 stoichiometry); the Ca 2+ -activated Cl -current (I Cl(Ca) ); and a Ca 2+ -activated nonselective cation current (I NS(Ca) ). More recent work has supported a major role of I Na/Ca in causing DADs in ventricular myocytes, with I Cl(Ca) and I NS(Ca) contributing only a little or not at all to DAD initiation (18) .
Only when spontaneous Ca 2+ release events occur at multiple sites synchronously within the cell will their spatial and temporal summation result in a rise in intracellular Ca 2+ concentration ([Ca 2+ ] i ) of sufficient magnitude to trigger an action potential. Increases in [Ca 2+ ] i exceeding 1 mmol/l are required for action potential activation in isolated ventricular cardiomyocytes (18) , which can then propagate throughout the ventricles to induce an extra heartbeat, leading to VT and VF ( Figure 3C ). While factors determining whether a DAD triggers an action potential in isolated cardiomyocytes have been characterized, what determines whether a DAD produces a propagating action potential in the intact myocardium is less well known.
In the intact heart, the change in V m in response to a given increase in inward current activated by the local increase in [Ca 2+ ] i is usually less than that in an isolated cardiomyocyte because more passive outward current opposes the depolarizing effect of locally activated Na + channel current in cardiac tissue. Individual cardiomyocytes are electrically coupled to their neighbors, as opposed to isolated cardiomyocytes, which are disconnected. Therefore, to induce membrane depolarization in a sufficient number of cardiomyocytes simultaneously to effectively increase the current load, action potential initiation from a DAD in the whole heart would probably require that spontaneous Ca 2+ waves occur almost synchronously in multiple, closely adjacent cardiomyocytes or that a single Ca 2+ wave rapidly propagate across cell borders. However, Ca 2+ waves in intact cardiac preparations rarely spread to their neighboring cells under physiological conditions and do not appear to occur synchronously in multiple contiguous cardiomyocytes (17, 19, 20) . Electrophysiological changes occurring in the failing heart, such as doubling of Na + /Ca 2+ exchanger expression and reduction in repolarizing K + currents (18) , could facilitate action potential initiation from a DAD (6). Thus, for any given increase in [Ca 2+ ] i , the inward current carried by the Na + /Ca 2+ exchanger will be doubled, and the reduction of outwardly directed K + currents will enhance the depolarizing effect of a given I Na/Ca . Furthermore, reduced intercellular electrical coupling in nonischemic failing myocardium (21) and redistribution of gap junctions between cardiomyocytes in the epicardial border zone of chronic infarcts (22) may blunt electrotonic interactions between DAD-generating cardiomyocytes and their neighbors, reducing the inward current required to depolarize the cardiomyocytes above threshold. However, an increase in intercellular resistance may prevent the propagation of triggered action potentials. Finally, increased adrenergic activation in failing myocardium leads to SR Ca 2+ overload, resulting in enhanced activity of RyR2 channels during diastole (23) and the enhanced probability of Ca 2+ wave occurrence.
Collectively, these results strongly suggest that defective RyR2 gating and associated aberrant Ca 2+ release from the SR during diastole may constitute the molecular trigger for arrhythmia initiation in the failing heart ( Figure 3 ).
Three-dimensional mapping studies in intact hearts support the hypothesis that spontaneous SR Ca 2+ release events act as focal triggers of arrhythmias by showing that nearly all VT in nonischemic heart failure and approximately 50% of those in ischemic heart failure arise from abnormal automaticity (ectopic pacemaker firing at a rate greater than the sinus node rate) or triggered activity, such as DADs and early after-depolarizations (EADs) (24) (25) (26) . However, optical mapping studies in isolated perfused left-ventricular wedge preparations have revealed that electrical reentry was the primary mechanism responsible for VT during acute myocardial ischemia (27, 28) . Reentrant excitation can occur when myocardium not activated during a preceding wave of depolarization recovers excitability in time to be discharged before the impulse dies out.
Ankyrin-B mutation in long-QT4 syndrome. A loss-of-function mutation in ankyrin-B (also known as ankyrin 2), a member of a family of membrane adaptor proteins, causes type 4 long-QT syndrome (LQTS) cardiac arrhythmias and SCD (12) . The congenital LQTS is characterized by prolongation of the QT interval (see Figure 1 ), recurrent syncope, and life-threatening VT/VF. In addition to the mutation in the gene encoding ankyrin-B, loss- or gain-of-function mutations in a number of different ion channel-encoding genes, including cardiac Na + and K + channel genes, have been identified in inherited LQTS. Ankyrin-B is the first protein to be implicated in LQTS that is not an ion channel or auxiliary ion channel subunit.
Transgenic mice heterozygous for the ankyrin-B mutation, which results in substitution of glycine for a glutamic acid at amino acid residue 1425 (E1425G), exhibit a cardiac phenotype that is very similar to that seen in type 4 LQTS patients, including QT prolongation, intermittent sinus bradycardia, and SCD from stress-induced polymorphic VT (see Figure 3C ) (12) . Ankyrin-B mutations disrupt the cellular organization of ankyrin-B binding partners in cardiomyocytes, including the Na + /Ca 2+ exchanger, the Na + /K + ATPase (an electrogenic pump in the outer membrane extruding Na + ions and taking up K + ions in a 3:2 stoichiometry), and the inositol-1,4,5 triphosphate (IP 3 ) receptor (a Ca 2+ release channel in the SR that is activated by binding of IP 3 ), resulting in reduced targeting of these proteins to the transverse tubules ( Figure 2 ) as well as reducing their overall expression levels. Peak amplitudes of depolarization-induced [Ca 2+ ] i transients are markedly increased in single cardiomyocytes isolated from heterozygous ankyrin-B mutant (AnkB +/-) mice. It is conceivable that reduced activity of the Na + /K + ATPase increases intracellular Na + concentration ([Na + ] i ), which in turn inhibits Ca 2+ extrusion by the Na + /Ca 2+ exchanger into the extracellular space (see Figure 2) . As Na + /Ca 2+ exchanger expression is reduced, total cellular Ca 2+ content becomes elevated. Cellular Ca 2+ overload can lead to increased incidence of DAD-generating Ca 2+ waves. Transmembrane potential recordings in single AnkB +/-cardiomyocytes during β-adrenergic receptor activation revealed extrasystoles arising from DADs as well as from EADs (12) , which suggests that these mechanisms are responsible for at least some of the VT/VF in LQTS patients.
Whereas it is generally accepted that DADs are initiated by spontaneous Ca 2+ release from the SR, the involvement of SR Ca 2+ release in the generation of EADs occurring in the plateau phase of the action potential is controversial. Some EADs are attributable to recovery from inactivation and reactivation of voltage-dependent L-type Ca 2+ channels during prolonged action potentials, (33) (34) (35) .
Collectively, these observations support the concept that SR Ca 2+ cycling plays an important role in contributing to action potential dynamics during VT/VF.
Intracellular calcium regulates second messenger pathways and ion channel gene transcription. Intracellular Ca 2+ ions influence the activity of ion channels and/or transporters via direct interaction with the ion-conducting molecule and indirectly via modulation of Ca 2+ -sensitive intracellular signaling pathways. Ca 2+ can directly bind to a subunit of the voltage-dependent Na + channel, which results in altered Na + channel gating (36) . Ca 2+ also activates Ca 2+ -calmodulin kinase II (CaMKII) (see Figure 2 ), which in turn targets key molecules that control intracellular Ca 2+ homeostasis in cardiomyocytes, and increased CaMKII activity may trigger arrhythmia-initiating after-depolarizations by activating L-type Ca 2+ channels or increasing inward current carried by the Na + /Ca 2+ exchanger (37, 38) . Determining whether alterations in the sensitivity of the target molecules to changes in intracellular Ca 2+ levels and/or alterations in intracellular second messenger signaling cascades contribute to arrhythmogenesis in conditions of abnormal intracellular Ca 2+ handling will be important.
Collectively, these studies highlight the fundamental importance of investigating the spatial and temporal relationship of membrane voltage and intracellular Ca 2+ dynamics in the whole heart. Techniques for simultaneously mapping transmembrane voltage and [Ca 2+ ] i with high temporal resolution in the intact heart have recently been developed (29) and will provide novel insights into the factors that facilitate the development of DAD- or EAD-related non-reentrant arrhythmias as well as the role of [Ca 2+ ] i in reentrant arrhythmias in animal models of SCD.
In addition to the transient effects of increased [Ca 2+ ] i on cardiomyocyte excitability, chronic changes in [Ca 2+ ] i in the regulation of ion channel expression in cardiomyocytes can effect lasting alterations in electrical properties (39) . For example, long-term changes in intracellular Ca 2+ handling in transgenic mice overexpressing SERCA1a caused downregulation of K + channel expression in the absence of cardiac hypertrophy and failure, leading to action potential prolongation (39) . Determining the molecular underpinnings of these remodeling processes will potentially create novel targets for antiarrhythmic prevention.
Acute myocardial ischemia Ionic imbalances during acute myocardial ischemia. Many SCDs from
VT/VF occur during acute myocardial ischemia (40) . Abrupt cessation of myocardial blood flow causes redistribution of a number of ions, including H + , Na + , Ca 2+ , and K + , across the cardiomyocyte membrane, an event that has profound electrophysiological consequences through its influence on the activity of a variety of ion channels and transporters. However, the details of their interactions vis-à-vis initiation of the triggering premature beat and maintenance of arrhythmias have remained largely elusive.
Net cellular K + loss and subsequent extracellular K + accumulation during acute myocardial hypoxia and/or ischemia causes sustained membrane depolarization that leads to a slowing of conduction and altered refractoriness, which in combination with other factors promote VT/VF and SCD (27, 28) . Despite the fact that K + loss is an important pathogenic factor in ischemia-associated arrhythmogenesis, the underlying mechanisms are not completely understood. Net K + loss in part reflects passive intracellular Na + gain during myocardial hypoxia/ischemia (41) . Net intracellular Na + gain implies that the Na + /K + ATPase is unable to compensate for the amount of Na + ions entering the cardiomyocytes through the major Na + influx pathways, including voltage-gated Na + channels, Na + /Ca 2+ exchanger, Na + /H + exchanger, and potentially plasmalemmal connexin-43 hemichannels (42) (Figure 4) . It is unknown whether the influx/efflux mismatch results from a primary increase in Na + uptake rate beyond the maximal Na + /K + ATPase pump capacity, primary inhibition of the pump, or both. Ischemia-induced decrease in intracellular ATP content may inhibit Na + /K + ATPase. Increased intracellular proton generation increases Na + influx via increased activity of the Na + /H + exchanger. Build-up of the ischemic metabolite lysophosphatidylcholine enhances Na + influx through voltage-dependent, tetrodotoxin-sensitive Na + channels (43) . Major K + efflux pathways during hypoxia/ischemia involve ATP-dependent K + channels, inward rectifier K + channels, as well as other voltage-gated K + channels, and potentially connexin-43 hemichannels (42 (Figure 4) .
Role of intracellular calcium in ischemia-associated arrhythmias. Cellular Ca 2+ overload secondary to Na + overload can increase the probability that DAD-generating Ca 2+ waves will be induced. While the relationship between the amount of Ca 2+ released from internal stores during a wave and the magnitude of the associated change in V m has been characterized in isolated cardiomyocytes under normal conditions, it has not been rigorously quantified in partially depolarized cardiomyocytes typically found in the ischemic myocardium. It has also remained unknown whether spontaneous Ca 2+ release through ryanodine-insensitive Ca 2+ release channels (e.g., IP 3 receptors; see Figure 2 ) contributes to the induction of Ca 2+ waves in the setting of acute ischemia and which membrane conductances are involved in the generation of the transient inward current underlying a DAD.
Even more important are the factors that determine whether a DAD results in a propagating action potential in the setting of acute myocardial ischemia. Although spontaneous Ca 2+ waves occur in buffer-perfused isolated heart preparations under physiological conditions as well as following injury (17, 19, 20, 44) , it is not known whether Ca 2+ waves trigger arrhythmias under ischemic conditions. Conceivably, an increase in the electrical resistance between cardiomyocytes in the acutely ischemic myocardium (45) initiates DAD-related extra beats because reduced intercellular coupling would diminish the opposing, i.e., repolarizing, effect of passive outward current generated by neighboring cardiomyocytes. It is also possible that ischemia induces cellular changes that cause either more Ca 2+ to be released from internal stores or greater depolarizations for a given increase in [Ca 2+ ] i , resulting in an increased propensity for triggered arrhythmias. Because intracellular Na + gain, through its secondary effects on cardiac [Ca 2+ ] i and extracellular [K + ], appears to act as a primary arrhythmogenic factor in the setting of acute ischemia, it will be important to define the spatio-temporal relationships between V m and intracellular concentrations of Na + and Ca 2+ (and extracellular [K + ]) in animal models of acute ischemiainduced cardiac arrhythmias and SCD by simultaneously mapping transmembrane voltage and ion concentrations.
Although VT/VF occurring during reperfusion can be reproducibly induced in the experimental setting (46) , the role of spontaneous reperfusion in triggering SCD from cardiac arrhythmias remains to be defined. The pathogenic mechanism underlying reperfusion arrhythmias is largely unknown, but an increase in [Na + ] i during ischemia and/or early reperfusion appears to play a major role (47) . Intracellular Na + accumulation can then give rise to [Ca 2+ ] i overload, which in turn increases the propensity for DAD-related arrhythmias by the mechanisms described above.
Whereas there is experimental evidence for the role of spontaneous increases in [Ca 2+ ] i in inducing EADs and related ventricular arrhythmias in the nonischemic setting (29) , the involvement of EADs in ischemia/reperfusion-induced arrhythmias has yet to be demonstrated experimentally. Other factors predisposing to EADs may have to be present, including action potential prolongation (30, 48) or slight reduction of the electrical conductivity between cells (45) . Since failing as well as hypertrophic myocardium exhibit both delayed repolarization and increased electrical resistance (21, 22) , acute ischemia occurring in the electrically remodeled failing heart may indeed give rise to EAD-related ventricular tachyarrhythmias. Proposed scheme of events leading to transmembrane ionic imbalances during myocardial ischemia. Net intracellular Na + gain due to a mismatch of Na + influx and efflux will cause net cellular K + loss, extracellular K + accumulation, and an increase in intracellular Ca 2+ due to activation of the Na + /Ca 2+ exchanger operating in the reverse mode. Cellular Ca 2+ overload will cause triggered arrhythmias by the mechanisms illustrated in Figure 3 . Lysophosphatidylcholine is a product of diacyl phospholipid catabolism generated by the enzyme phospholipase A2 during ischemia. Question marks indicate that the pathway/mechanism is hypothetical. 
Neurohumoral changes
Role of cardiac sympathetic innervation. Activation of cardiac β-adrenergic receptors by the neurotransmitters epinephrine and norepinephrine has several physiological effects, including increasing systolic contractility and diastolic relaxation rate as well as accelerating heart rate and atrioventricular conduction. At the cardiomyocyte level, stimulation of β-adrenergic receptors alters the activity of a number of ion channels and transporters via activation of the G protein/adenylyl cyclase/cAMP/PKA pathway (see Figure 2 ). This in turn results in an increase in both peak amplitude and rate of decline of the [Ca 2+ ] i transient via stimulation of key Ca 2+ handling proteins as well as shortening of action potential duration via augmentation of K + outward currents. The observation that pharmacological beta blockade confers a survival benefit on patients after myocardial infarction suggests an important role of the autonomic nervous system in the pathogenesis of SCD from VT/VF. Further evidence for a neural component in SCD comes from 2 recent experimental studies. In the first study, chronic infusion of nerve growth factor (NGF) to the left stellate ganglion in dogs with chronic myocardial infarction and complete atrioventricular block caused spatially heterogeneous sympathetic cardiac hyperinnervation (nerve sprouting) and dramatically increased the incidence of SCD from VT/VF (50) . In a second study, Liu et al. (51) reported that a high-cholesterol diet resulted in myocardial hypertrophy and cardiac sympathetic hyperinnervation in rabbits in the absence of coronary artery stenoses and infarction. Furthermore, they found a marked increase in the incidence of VF, which was associated with enhanced dispersion of repolarization, prolongation of action potential duration and the QT interval, and increased L-type Ca 2+ current (I Ca.L ) density (defined as the peak I Ca.L amplitude normalized to the cell surface area). Although results of these studies do not constitute an ultimate proof, they strongly suggest a causal relationship between altered autonomic innervation and SCD due to VT/VF. Intriguingly, explanted human hearts from transplant recipients with a history of arrhythmias exhibited a significantly higher and also more heterogeneous density of sympathetic nerve fibers than those from patients without arrhythmias (52) , which indicates that heterogeneous overgrowth of cardiac nerve may occur in human hearts with myocardial infarctions even in the absence of exogenous NGF. Whether neural remodeling also involved parasympathetic nerve fibers in the heart was not examined in these studies.
The precise mechanism by which sympathetic hyperinnervation promotes cardiac arrhythmia is speculative at present. The ultimate manifestation of the arrhythmia is probably the end result of a variety of interacting factors, as schematically illustrated in Figure 5 . Increased density of sympathetic nerve endings could augment release of and consequently result in higher than normal tissue concentrations of sympathetic neurotransmitters (e.g., norepinephrine, neuropeptide Y) during sympathetic excitation. This autonomic remodeling is associated with
Figure 5
Factors contributing to arrhythmogenesis in hearts with heterogeneous sympathetic innervation. Myocardial injury (e.g., myocardial infarction) or chronic hypercholesterolemia (51) will cause a spatially uneven increase in sympathetic nerve density in the heart, resulting in regional variations in release and, consequently, variations in tissue levels of sympathetic neurotransmitters. Chronic, nonuniform elevations of neurotransmitters, through alterations in the expression of L-type Ca 2+ channels and K + channels, create spatial dispersion of action potential duration. Action potential prolongation and augmented Ca 2+ influx through L-type Ca 2+ channels combine to increase the susceptibility to EAD-and/or DAD-triggered activity in hyperinnervated regions. If the triggered beat propagates throughout the rest of the heart, the preexisting spatial dispersion of action potential duration and, thus, myocardial refractoriness facilitate the initiation of tachyarrhythmias. Locally elevated levels of neuropeptide Y and norepinephrine may increase coronary artery tone, thereby critically reducing the coronary perfusion reserve under conditions of increased oxygen demand (e.g., physical and/or emotional stress) and causing regional ischemia, which contributes to the development of an arrhythmia.
spatially heterogeneous electrical remodeling of the cardiomyocytes, including an increase in I Ca.L density (51) and decreases in K + current densities (53) , resulting in action potential prolongation in hyperinnervated regions ( Figure 5 ). Along with electrical remodeling of a number of ion channels and transporters in the surviving myocardium along the infarct border (i.e., the infarct borer zone), acute release of sympathetic neurotransmitters, through their effects on Ca 2+ , K + , and Cl -channels and Ca 2+ transporters and enzymes, is likely to accentuate the preexisting heterogeneity of excitability and refractoriness, which in turn is likely to contribute to arrhythmia susceptibility in these models. Norepinephrine- and/or neuropeptide Y-induced arterial constriction can induce myocardial ischemia in hyperinnervated regions during emotional and/or physical stress, further promoting vulnerability to arrhythmic events.
Myocardial ischemia and infarction are known to result in injury of sympathetic nerves and sympathetic denervation of noninfarcted myocardium in areas distal to the infarct (54) . Sympathetic denervation potentiates adrenergic responsiveness to catecholamines, a process termed denervation supersensitivity (55) . Diffusion of neurotransmitters from normal regions to neighboring denervated areas during sympathetic excitation is likely to create steep local gradients of refractoriness and excitability, further contributing to the arrhythmogenic substrate. Furthermore, superimposed upon prolongation of action potential duration and increased I Ca.L density, sympathetic stimulation is likely to lead to intracellular Ca 2+ overload, which in turn could give rise to triggered activity, which may underlie the spontaneous occurrence of VF in these animal models.
Future studies on the mechanisms by which neural remodeling contributes to arrhythmia susceptibility will have to address: (a) the molecular and cellular mechanisms regulating sympathetic (and parasympathetic) nerve processing in the normal and diseased heart; (b) the effects (both short- and long-term) of noncholinergic, nonadrenergic neurotransmitters, including neuropeptide Y, calcitonin gene-related product, vasoactive intestinal peptide, and substance P, on cardiomyocyte electrophysiology and Ca 2+ handling; and (c) the second messenger pathways involved. All 4 peptides have profound physiological effects. Neuropeptide Y, for example, is a potent vasoconstrictor (56) and also appears to be an essential in vivo regulator of cardiac I Ca.L during postnatal development (57) . Other questions include the following: what are the altered electrical properties of pre-/postganglionic sympathetic/parasympathetic neurons in the diseased state that result in altered excitation-secretion coupling? what are the mechanisms underlying sympathetically induced ventricular tachyarrhythmias in animal models of SCD? does sympathetic nerve stimulation acutely exaggerate any preexisting electrical heterogeneity in the diseased heart? and, finally, does sympathetic stimulation increase the incidence of abnormalities in intracellular Ca 2+ handling in the whole heart (Ca 2+ waves, beat-to-beat variations in Ca 2+ amplitude and/or duration [alternans] ) that may act as triggers of ventricular arrhythmias? To answer the latter question, optical mapping techniques will be required to simultaneously measure membrane voltage and [Ca 2+ ] i in whole hearts during autonomic stimulation.
Role of the renin-angiotensin system
Angiotensin II. The renin-angiotensin system (RAS) is an enzymatic cascade that controls conversion of angiotensinogen into angiotensin II. The final step in this process is mediated by ACE. Formation of angiotensin II occurs systemically and also locally in the heart. Increased levels of angiotensin II have several adverse effects on the cardiovascular system, including cardiomyocyte hypertrophy, facilitation of norepinephrine release from its prejunctional sites, fibroblast and smooth muscle proliferation, and vasoconstriction. In cardiomyocytes, chronic stimulation of the angiotensin receptor-coupled Gaq/phospholipase C/PKC pathway can downregulate the activity of several key Ca 2+ -handling proteins via phosphatase-mediated dephosphorylation (Figure 2) . Interruption of RAS by means of pharmacologic inhibition of ACE and/or angiotensin II receptor blockade decreases cardiovascular morbidity and mortality in patients with left-ventricular dysfunction (58) (59) (60) (61) . However, whether the reduction in mortality results, at least in part, from a decrease in the incidence of death from arrhythmias was not demonstrated. Experimental studies show that abnormal regulation of RAS in cardiovascular disease may increase the susceptibility to arrhythmias. Mice in which angiotensin II was elevated via genetic clamping exhibit marked cardiac hypertrophy, bradycardia due to atrioventricular conduction defects, T-wave alternans, and a high frequency of SCD from arrhythmias (62) . Mice with cardiomyocyte-specific overexpression of ACE-related carboxypeptidase capable of cleaving angiotensin II exhibit downregulation of connexin-40 and connexin-43, complete atrioventricular block, and an increased rate of SCD from ventricular arrhythmias, which suggests that RAS controls connexin expression in the heart (63) .
Intriguingly, alterations in the RAS also affect peripheral and central sympathetic function. In rat postganglionic sympathetic neurons, angiotensin II acutely inhibits voltage-dependent N-type Ca 2+ currents and repolarizing K + currents (64) , possibly resulting in altered excitation-secretion coupling of peripheral sympathetic neurons. Transgenic rats deficient in brain angiotensinogen exhibited better preservation of left-ventricular function, arterial baroreflex control, and renal sympathetic nerve activity following myocardial infarction than did nontransgenic rats (65) . In rabbits with rapid pacing-induced chronic heart failure, blockade of angiotensin II receptors combined with administration of exogenous NO reduces elevated renal sympathetic nerve activity, which suggests that both loss of NO and an increase in angiotensin II are necessary for sympathoexcitation in chronic heart failure (66) . It is still unknown whether preservation of normal sympathetic function translates into a reduction in the incidence of cardiac arrhythmias.
Effect of angiotensin II on ion channels and transporters. Angiotensin II has also been shown to directly modulate ion channels and transporters. Inhibition by angiotensin II of voltage-dependent, repolarizing K + currents in arterial smooth muscle causes vasoconstriction (67, 68) , possibly leading to reduced myocardial blood flow in conditions associated with elevated angiotensin II. In cardiomyocytes, enhancement of I Ca.L ; reduction of the delayed rectifier K + current, I K , and the transient outward K + current, I to ; and electrogenic Na/K ATPase activity act synergistically to prolong action potential duration and to increase intracellular Ca 2+ load, thereby promoting arrhythmia susceptibility. ACE inhibitors, as well as angiotensin receptor blockers, reduce SCD in heart failure and postinfarction patients (58) (59) (60) (61) . Passive stretch elicits an outwardly rectifying Cl -current in ventricular myocytes by a mechanism that involves release of angiotensin II and activation of angiotensin II type 1 receptor in an autocrine/paracrine loop (69) .
Aldosterone. Angiotensin II also enhances release of aldosterone from the adrenal cortex. Aldosterone has potent sodium-retaining properties and can exert adverse cardiovascular effects, including myocardial hypertrophy and fibrosis. Like angiotensin II, aldosterone regulates cardiac ion channels. Chronic exposure of rat ventricular myocytes to aldosterone reduces and increases, respectively, I to and I Ca.L (70) . The temporal relationship of the changes in current densities and the effect of blockers of the I Ca.L are consistent with the Ca 2+ -dependent reduction of I to expression. In a postmyocardial infarction model of heart failure in rats, aldosterone antagonism had a number of effects, including inhibiting fibrosis, reducing myocardial norepinephrine content, and increasing the VF threshold (71) . Clinically, treatment with the aldosterone receptor antagonists spironolactone or eplerenone has been demonstrated to reduce SCD in heart failure patients (72, 73) .
Collectively, these observations suggest that elevated angiotensin II and/or aldosterone levels exert adverse electrophysiological effects that may contribute to the development of a proarrhythmic substrate in conditions that are typically associated with abnormal activation of the RAS (e.g., heart failure). Antagonizing their effects could reduce the extent of adverse electrical remodeling and has been shown to prevent SCD. Because RAS signaling also has profound effects on heart structure, including induction of hypertrophy and interstitial fibrosis, it will be important to determine whether antiarrhythmic effects of RAS signaling antagonists derive indirectly from preservation of the structural integrity of the heart, directly from modulation of ion channels and transporters, or both.
Genetic predisposition
In addition to well-known heritable genetic disorders such as LQTS, genetic variations exist that determine an individual's risk for fatal arrhythmias. In the Paris Prospective study, a history of SCD in 1 parent was shown to increase the risk of fatal arrhythmia in the offspring by 80%; a history of SCD in both parents leads to an approximate 9-fold increase in the risk of SCD for the offspring (74) . In another population-based study, the rate of SCD in first-degree relatives of SCD victims was 50% greater than the rate in control subjects and, importantly, was independent of other risk factors such as diabetes, hypertension, or cigarette smoking (75) . It is very likely that a number of genes contribute to the phenotypic manifestation of SCD. Contributors may include known or unknown genes associated with myocardial ischemia, neurohumoral signaling, cardiomyocyte Ca 2+ handling, and cardiac electrical properties. Once genetic factors have been identified by genomic screening, the major challenge will be to determine whether a specific gene variant constitutes a specific marker of the risk for SCD independently of the underlying structural heart disease and what role this variant plays in the pathogenesis of fatal arrhythmias.
Prevention of SCD from arrhythmia
Chronic beta blockade improves survival in patients after myocardial infarction (4, 76) , reducing the incidence of SCD, particularly in patients with impaired left-ventricular function. The use of some compounds, such as encainide, flecainide, and D-sotalol, that block specific cardiac ion channels, i.e., "classic" antiarrhythmic drugs, has been shown to be associated with an adverse outcome in patients with chronic myocardial infarction (3, 77) . Amiodarone, an antiarrhythmic agent, which at clinically relevant concentrations blocks a variety of cardiac ion channels and transporters, including sodium channels, L-type calcium channels, several types of potassium channels, and the sodiumcalcium exchanger, and which inhibits a- and β-adrenergic receptors (78), also does not improve survival (79) (80) (81) . Therefore, prophylactic use of specific ion channel blockers does not reduce mortality or may even increase it. In contrast, ICDs confer survival benefit compared with drugs in high-risk populations (2) . ICD therapy is now standard care for patients who have survived life-threatening arrhythmias (2) .
Patients with heart failure commonly have regions of delayed myocardial activation and contraction, which leads to cardiac dyssynchrony. Cardiac resynchronization, which entails placement of a right-atrial, a right-ventricular, and a left-ventricular lead, restores atrio-biventricular synchrony resulting in improved leftventricular function and (without concomitant ICD therapy) can improve survival in patients with heart failure (ejection fraction <35%) and cardiac dyssynchrony (82) .
Conclusion
The purpose of this review was to consider some of the many events that can transform an electrically stable heart into one that is unstable, in order to answer the clinical question of why a particular patient died at a particular time on a particular day and not at another time. This is one of the most important (and vexing) questions in clinical cardiology today, as it entails exploration of the proximate precipitators of SCD (83) in order to help identify the individual at risk. Because of space constraints, we have only discussed several of the many factors that may be important. The list is long and can be approached by considering fundamental molecular mechanisms, cellular changes, whole heart electrophysiology, and clinical risk factors. Nevertheless, it is an area richly deserving intense investigation if we are ever going to reduce the horrendous toll claimed by SCD.
